This paper presents the results of an experimental investigation into collective effects in the transient plasma formed by multiphoton ionization of atomic deuterium with a pulsed laser. The laser wavelength is varied in a narrow range around 243 nm, so that the photoionization is resonant with the metastable 2S 1/2 state. The ion yield, the ion time-of-flight spectra, and the yield of Lyman-␣ photons have been measured as a function of laser intensity ͑from 1 to 340 MW/cm 2 ͒ and laser detuning around the 1S 1/2 -2S 1/2 two-photon resonance. During and shortly after the laser pulse, collective effects resulting from the mutual interaction of the photoelectrons and the ions affect the spatial and temporal distribution of the ions. Because of the near-degeneracy of the 2S 1/2 , 2P 1/2 , and 2 P 3/2 states, the resonant multiphoton ionization is affected by the Stark mixing of these states in the collective field. As a result, the time-dependent yields of ions and of Lyman-␣ photons are modulated by the interplay of the multiphoton ionization of the atoms and the collective effects in the plasma. From the measurements it is deduced that collective effects are important above a critical charge density of 3ϫ10 8 ions/cm 3 . An asymmetry is observed in the line profile of the total ion yield as a function of laser detuning. This asymmetry is interpreted to be due to the effect of the collective field upon the intermediate resonant 2S 1/2 state of the photoionization process.
I. INTRODUCTION
In ionization experiments the production of a large number of electron-ion pairs in a small interaction volume can lead to high charge densities. Due to the different mobilities of the electrons and ions, large electric fields can be generated. These fields result in collective or space-charge effects that affect both the actual atomic process ͑production phase͒ and the recorded experimental results ͑collection phase͒. Reviews of the topic are provided by Giammanco and Spinelli ͓1͔ and by Ammosov ͓2͔. The study of collective effects is a worthwhile task from two perspectives. First, it is important for experimenters to be able to verify that they are working in a regime where their results are not affected by collective interactions. Second, collective effects provide a rich mixture of phenomena from different fundamental disciplines such as atomic and plasma physics, and are worth studying in their own right. Collective effects have been observed in multiphoton ionization ͑MPI͒ of deuterium ͓3͔ and sodium ͓4 -6͔, and in MPI and above-threshold ionization ͑ATI͒ of xenon ͓7-13͔. Other areas where collective effects can be relevant are electron impact ionization of atoms ͓14 -16͔, the nonlinear surface photoeffect ͓17͔, Coulomb expansion of molecules and clusters ͓18͔, higher-order harmonic generation ͓19͔, laser ablation ͓20͔, annealing, surface sputtering, and gas discharges ͓21,22͔. Theoretical models for collective interactions have been developed by Giammanco and coworkers ͓19,23,24͔ and by Ammosov and co-workers ͓2,25͔. A recent discussion of fundamental aspects and applications of low-temperature plasmas is given by Hippler et al. ͓26͔ .
In the present experiment we study transient plasmas formed by multiphoton ionization of deuterium atoms. Deuterium presents an ideal situation for the study of collective effects. Deuterium is almost the lightest atom in the Periodic Table, so deuterium ions are very susceptible to the collective electric field in the transient plasma. The multiphoton ionization is resonant with the 2S 1/2 metastable state of deuterium, so that the collective field Stark mixes the 2S 1/2 state with the 2 P 1/2 and 2 P 3/2 states, thereby affecting the multiphoton ionization process. As a result two interactions are relevant to the time evolution of the plasma: ͑1͒ the collective interaction between the photoelectrons and the ions, and ͑2͒ the coupling between the multiphoton ionization process and the collective electric field in the plasma.
Contrary to these interactions, collisions of electrons and ions with neutral atoms ͑either in the ground state or in a metastable excited state͒ are not relevant. In our experiment the density n of neutral atoms is 10 12 cm Ϫ3 , and for electrons with kinetic energies of a few eV colliding with ground state atoms the collision cross section is less than about 10 Ϫ14 cm 2 , so that the mean free path ϭ(n) Ϫ1 is larger than 1 m. For electrons colliding with excited neutral atoms the cross section can be as large as 10 Ϫ13 cm 2 ͓27͔, but the excited state density is much lower than the density of ground state atoms.
The collective interactions in the MPI transient plasma have significant effects on the observed ion signals. In the initial part of the laser pulse the electron and ion clouds overlap. Due to the different mobilities of the electrons and the ions, the electron cloud expands very rapidly, thus inducing a fast growth of the collective field. ͑In our experiment the velocity of a photoelectron of 1.7 eV is 7.7ϫ10 5 m/s as compared with 1.6ϫ10 3 m/s for a deuterium ion at room temperature.͒ Immediately after the start of the laser pulse, the photoelectrons start to leave the volume occupied by the ions, resulting in a non-neutral plasma. The ion mutual repulsion causes Coulomb expansion of the ion cloud. This has two effects on the observed ion signal. First, many ions may be lost due to the spatial dimensions of the ion cloud exceeding those of the entrance aperture of the ion detection system. This leads to anomalous saturation ͓3-6͔, at much lower laser intensities than expected on the basis of independent particle behavior. Second, during the expansion of the ion cloud some of the ions are pushed towards the ion detector and some are pushed away. This causes the ion time-offlight profile to expand in time, and the initial ions to arrive at the ion detector at earlier times ͓3,4,13͔. Both effects strongly depend on the total charge density produced in the focal volume of the laser and therefore on the laser intensity.
The ion signals are not solely determined by the Coulomb expansion of the ion cloud. Both the collective interaction between the photoelectrons and the ions and the coupling between the multiphoton ionization process and the collective field affect the density and spatial distribution of the ions in the initial stages of the plasma evolution and thereby affect the observed signals.
Even at low charge densities, in the absence of electron trapping, the electrons play an important role in the transient plasma. During and shortly after the laser pulse, the coupling between the electrons and the ions results in the oscillation of the width of the electron cloud around the ion cloud. Because the ion expansion is very slow, the frequency of oscillation is directly related to the electron plasma frequency ͓4,23͔. In numerical simulations of MPI transient plasmas of deuterium ͓3͔, oscillatory structures have been observed in the Lyman-␣ photons emitted due to quenching of the 2S 1/2 state in the collective field during and shortly after the laser pulse. These oscillations are directly related to the oscillations of the electron cloud in the transient plasma. At higher charge densities, the collective field may become so strong that many of the photoelectrons may become trapped ͓4͔.
During the laser pulse the coupling between the multiphoton ionization process and the collective electric field is relevant. In the experiments on atomic deuterium reported in this paper and also by Bowe et al. ͓3͔ the photoionization process is resonant with the 2S 1/2 metastable state of deuterium. Bowe et al. ͓3͔ performed measurements of the Lyman-␣ photons emitted when the 2S 1/2 state was quenched in the collective field of the transient plasma. In their measurements they observed a strong Lyman-␣ signal during the laser pulse before the extraction field was switched on. These measurements demonstrated the existence of collective fields of several hundred V/cm and provided direct evidence for the effect of the collective field on the multiphoton ionization of the atoms. This paper presents the results of a study of the wavelength dependence of the collective effects in the transient plasma formed by multiphoton ionization of atomic deuterium. Whereas Bowe et al. ͓3͔ performed measurements exclusively on resonance, we are presenting measurements of the ion time-of-flight profiles, total ion yields, and Lyman-␣ photon yields as a function of laser detuning around the 1S 1/2 -2S 1/2 two-photon resonance. The purpose of these measurements is to specifically investigate the coupling between the multiphoton ionization of the atoms and the collective effects in the plasma, caused by the Stark mixing of the 2S 1/2 , 2P 1/2 , and 2 P 3/2 states in the collective field. In Sec. II of this paper we describe the experimental techniques used; in Sec. III we give a systematic presentation of the results, and in Sec. IV an interpretation and a discussion of the experimental results are given. A summary and conclusions are presented in Sec. V.
II. EXPERIMENT
A detailed description and diagram of the experimental setup can be found in ͓3͔. The pulsed laser beam is produced by an excimer-dye laser system and has a wavelength of 243 nm. This beam is focussed into a vacuum chamber where it is crossed at 90°with an atomic deuterium beam, at a target density of approximately 10 12 atoms/cm 3 , produced by a radio frequency driven plasma discharge tube. The tube is fed with molecular deuterium through a palladium finger.
The products of the interaction are detected for each laser pulse. Ions are collected by an extraction field, which can be turned on before the laser pulse ͑advanced field͒ or immediately after the laser pulse ͑delayed field͒. The ions are guided by a series of focusing, drift, and deflecting electrodes to a pair of stacked microchannel plates. The Lyman-␣ photons are collimated by a magnesium fluoride lens and pass through an interference filter with peak transmission at the Lyman-␣ line to prevent scattered 243 nm photons from entering the detector. The Lyman-␣ photons are detected by a twin microchannel plate assembly similar to that used for the ion detection. The detectors are housed inside a vacuum chamber, which is pumped by a turbo/rotary pump combination to a base pressure of about 10 Ϫ6 mbar ͑with the deuterium beam on͒.
An energy level diagram depicting the photoionization of atomic deuterium is shown in Fig. 1 . In the experiment the laser wavelength is tuned to 243 nm so that the photoionization is resonant with the 2S 1/2 state. Absorption of two laser FIG. 1. Schematic energy level diagram of a deuterium atom in a laser field with a wavelength of 243 nm. S 1 and S 2 indicate the Stark couplings due to the total electric field in the interaction region, which is the sum of the ion extraction field and the collective field of the laser-produced plasma.
photons at 243 nm excites the atom to the metastable 2S 1/2 state, from where the atom can either absorb a third photon to become ionized, or decay to the 1S 1/2 ground state via the spontaneous emission of a Lyman-␣ photon at 121.6 nm. A channel for relaxation of the excited state via spontaneous emission is opened when the 2S 1/2 state is Stark mixed with the close-lying 2 P 1/2 and 2 P 3/2 levels by an electric field in the interaction region. A photon signal observed in the case of a delayed ion extraction field is unambiguously attributable to the collective field in the transient plasma.
The data acquisition allows simultaneous real-time capture of both ion and photon signals and the laser energy on a shot-to-shot basis. The master signal for the timing of the experiment is provided by a trigger pulse generated by the dye laser control electronics approximately 600 ns before the excimer fires. This pulse is used for arming the acquisition electronics and pulsing the extraction field relative to the laser pulse. The jitter between the trigger pulse and the actual firing of the excimer is of the order of 5 ns. During all measurements the laser was operated at a low repetition rate ͑typically 1-5 Hz͒ in order to keep this jitter to a minimum and to ensure good intensity stability. The ion and photon signals are recorded by a two-channel digital oscilloscope, and the laser energy is recorded by a calibrated photodiode and/or by an energy meter. All three of these devices are interfaced to two data acquisition computers.
Two different measurement techniques have been employed to record the data. The first technique involved scanning the wavelength of the laser across the 1S 1/2 -2S 1/2 resonance and recording the ion and photon temporal signals as a function of the wavelength. The second technique involved setting the laser to a fixed wavelength in the vicinity of the 1S 1/2 -2S 1/2 resonance and recording the ion and photon temporal signals as a function of laser intensity.
Wavelength scans were performed covering a wavelength range from 243.00 nm to 243.02 nm with a step size of 2.56ϫ10 Ϫ4 nm ͑this is the minimum step size possible, corresponding to a frequency step size of 1.32 GHz͒. For each laser pulse the ion and photon temporal signals were captured by the digital oscilloscope and transferred to a PC. The PC accumulated the signals for 50 laser shots at each wavelength and computed the average signals. Simultaneously the laser energy was recorded and the average intensity of the 50 laser pulses was determined. The wavelength scans have been measured for ten different laser intensities ranging from 1 to 340 MW/cm 2 and for both advanced and delayed extraction fields. Numerical data analysis was employed to integrate the ion and photon yields over time to obtain the total average ion and photon yield per laser pulse as a function of laser detuning. Because the temporal profiles are recorded as voltages by the oscilloscope, the unit for the vertical scale in the time-of-flight spectra is volt, and the total yields are in voltϫsecond.
Intensity scans were obtained by setting the laser to a fixed wavelength in the vicinity of the 1S 1/2 -2S 1/2 resonance and recording the ion and photon temporal signals as a function of laser intensity. Again the average signals for 50 laser pulses were calculated, and numerical data analysis was employed to integrate the ion and photon yields over time to obtain the total average ion and photon yields per laser pulse.
The alignment of the laser beam through the interaction region must be done with care to minimize the scattering of laser light in the vacuum chamber. A small fraction of 243 nm laser photons was observed by the Lyman-␣ photon detector. This scattered laser light is taken into account when calculating the Lyman-␣ temporal profiles in the wavelength scans.
The wavelength reproducibility of the laser is important for a meaningful comparison between wavelength scans at different laser intensities. The reproducibility was examined by conducting consecutive wavelength scans through the resonance at a fixed value of laser intensity. It was found that small drifts of a few minimum wavelength steps occurred between some consecutive scans when the measurements were taken. For this reason the position of zero detuning ͑0 GHz͒ for each scan is chosen to correspond with the maximum total ion yield at lower laser intensities and with the maximum total photon yield at higher laser intensities.
Because the geometry of the transient plasma critically depends on the precise position of the laser beam in front of the exit of the discharge tube, the possibility of laser beam movement in the interaction region due to the movement of the nonlinear crystal was investigated. A UV-sensitized charge-coupled device ͑CCD͒ camera was positioned close to the interaction region. The laser beam position was monitored via the image produced by the camera, averaged over 50 laser shots. Images taken during a scan of the wavelength were carefully checked and it was determined that no detectable movement of the laser beam in the interaction region occurred.
III. RESULTS

A. Ion time-of-flight profiles
Figures 2 and 3 present ion time-of-flight spectra obtained from scans of the laser wavelength through the 1S 1/2 -2S 1/2 resonance. Wavelength scans have been performed for ten different laser intensities for both an advanced and a delayed extraction field. Figures 2 and 3 present spectra obtained at the highest laser intensities used: 340 MW/cm 2 for the advanced ion extraction field and 315 MW/cm 2 for the delayed extraction field. The laser detuning indicated in the figures is given in GHz and is the single photon detuning from the resonance. The zero position of the time scale is taken as the time at which the laser pulse finishes. Figures 2 and 3 show the various effects that occur as the laser is scanned through the 1S 1/2 -2S 1/2 resonance; to follow the scan one views the figures in the order 2͑a͒-2͑f͒ and 3͑a͒-3͑f͒.
The time-of-flight profiles in Fig. 2͑a͒ display the differences associated with the two cases of ion extraction field timing relative to the laser pulse. At this detuning the profiles are not significantly affected by collective effects and the peaks occur at the same position as the benchmark times of 590 and 630 ns. These benchmark times are obtained from on-resonance measurements at very low laser intensities ͑Ͻ5 MW/cm 2 ͒ where collective effects are absent and only a single peak is observed in the ion time-of-flight spectra. The small difference in the time of flight for the two cases of advanced and delayed ion extraction field is easily understood. When the extraction field is switched on before the laser pulse, the ions will move towards the detector as soon as they are created, thus arriving earlier than they would if the extraction field were applied immediately after the end of the laser pulse. This effect also explains the greater temporal width of the advanced field time-of-flight shape. In the case of the delayed field the ions are created and then accelerated as a bunch, thus leading to the observed narrower peak.
As the laser is tuned closer towards the 1S 1/2 -2S 1/2 resonance the shape of the time-of-flight profiles increase in total yield ͑the area under the time-of-flight profile͒ and in temporal width. The first ions arrive at the detector sooner as the laser is tuned closer to the resonance. On resonance at 0 GHz, see Fig. 2͑f͒ , the maximum amplitude and width occur and the first ions arrive 50 ns earlier in both the advanced and delayed extraction field cases. In the advanced extraction field case the temporal width of the ion time-of-flight profile is 360 ns, i.e., about six times the temporal width of the profile at the starting position of the scan. In the case of the delayed extraction field the ion profile expands up to 15 times its size at the starting position.
These features are characteristic of collective interactions in the transient plasma. An increase in temporal width and the early arrival of the first ions have been observed by Bowe et al. ͓3͔ in ion time-of-flight spectra recorded at zero detuning as a function of laser intensity. The measurements in Figs. 2 and 3 show similar behavior when the laser intensity is kept constant and the laser detuning is decreased towards the 1S 1/2 -2S 1/2 resonance.
As the laser passes through the resonance, the amplitude and width of the profiles at negative detunings decrease in a manner, which is different from the behavior noted on the positive detuning side. Comparison of Figs. 2͑d͒ and 3͑d͒ shows that significantly fewer ions reach the detector on the negative detuning side. This difference in the shapes of the ion time-of-flight profile leads to a strongly asymmetric wavelength profile, see Sec. III B. The time-of-flight profiles in this region will be examined in detail in Sec. III C.
B. Total ion and photon yields as a function of laser detuning
Figures 4, 5, and 6 present the total ion and photon yields obtained from scans of the laser wavelength through the 1S 1/2 -2S 1/2 resonance in atomic deuterium. As described in , profiles for a delayed extraction field at a laser intensity of 315 MW/cm 2 .
Sec. II the total yields are obtained by integrating the ion time-of-flight profiles and the photon temporal profiles over time. For instance, the integrals over each of the 12 advanced profiles in Figs. 2 and 3 correspond to 12 of the data points on the top curve in Fig. 4 . For the sake of clarity, the total yields as a function of laser detuning will be referred to as detuning profiles in this paper. Detuning profiles have been measured for ten different laser intensities for both an advanced and a delayed extraction field. The laser detuning is given in GHz and is the single photon detuning from the 1S 1/2 -2S 1/2 two-photon resonance. Figure 6 shows the total photon yield for the delayed extraction field; the profiles for the advanced field are very similar and are not shown here.
Figures 4 and 5 show that significant physical effects occur as the laser intensity is increased. The overall width of the detuning profiles increases due to power broadening, but the profiles deviate from a Lorentzian profile and develop a significant asymmetry. These effects are attributable to the increasing influence of the collective interactions in the laser plasma as the laser intensity and hence charge density is increased. We first focus on the ion detuning profiles for the advanced field case in Fig. 4 .
The detuning profiles at 1.3 MW/cm 2 ͑not shown in Fig.  4͒ , at 5 MW/cm 2 and at 10 MW/cm 2 are symmetric around 0 GHz. At these laser intensities no broadening of the ion timeof-flight profiles was observed and no appreciable Lyman-␣ photon signal was detected. The results obtained at laser intensities of 10 MW/cm 2 and lower are representative of the interaction of a single atom with a perturbing light field, and collective effects are absent.
The detuning profiles at 25 MW/cm 2 and at 55 MW/cm 2 are more or less symmetric but show a profound deviation from a simple Lorenzian peak shape. For a small range of detunings ͑about Ϯ5 GHz at 25 MW/cm 2 and Ϯ8 GHz at 55 MW/cm 2 ͒ the time-of-flight profiles recorded at these intensities displayed an increase in temporal width due to collective effects. Over about the same range of detunings Lyman-␣ photon signals were detected. Once the yield of ions reaches the value of 1.0ϫ10 Ϫ8 V s, the ion detuning profiles show a significant change in shape. This critical level is observed in the flattened central peak of the detuning profile at 25 MW/cm 2 , and in the shoulder in the right wing at 55 MW/cm 2 . This level corresponds to a critical value of the charge density, above which the experimental results are modified by the collective interactions in the laser plasma.
At laser intensities of 100 MW/cm 2 and higher, the points where the ion yield reaches the critical value move further out into the wings of the ion detuning profiles to progressively larger detunings with increasing laser intensity. The ion detuning profiles develop significant asymmetry. Of particular interest is the dip, which develops on the left-hand side of the detuning profiles at Ϫ9 GHz. Figure 4 shows that the dip occurs when the ion yield has reached the value of 1.0ϫ10 Ϫ8 V s. This clearly indicates that the asymmetry is linked with collective effects. This is also shown by the ion time-of-flight spectra, which show a significant broadening at those laser intensities and detunings where the total ion yield exceeds the critical value ͑discussed further in Sec. III C͒. At these laser intensities strong Lyman-␣ photon signals were detected, but notably there was no sign of any asymmetry in the photon detuning profiles recorded.
Similar features are observed in the ion detuning profiles in Fig. 5 for the delayed extraction field. The detuning profiles at 1.3 MW/cm 2 ͑not shown in Fig. 5͒ and at 6 MW/cm 2 are symmetric around 0 GHz and there are no collective effects. At 11 MW/cm 2 there are slight indications for the onset of collective effects. The detuning profile displays a slightly flattened shape around 0 GHz. The time-of-flight profiles measured at 0 GHz displayed a slight expansion in the temporal width of the profile, but no Lyman-␣ photon emission was observed above the background at this laser intensity.
The detuning profiles at 27 MW/cm 2 , at 55 MW/cm 2 , and at 95 MW/cm 2 are more or less symmetric around 0 GHz. For a small range of detunings ͑about Ϯ5 GHz at 25 MW/cm 2 , Ϯ8 GHz at 55 MW/cm 2 , and Ϯ11 GHz at 95 MW/cm 2 ͒ the time-of-flight profiles display an increase in temporal width due to collective effects. Lyman-␣ photon signals are detected at 55 MW/cm 2 and at 95 MW/cm 2 , see Fig. 6 . The critical level above which collective effects play a dominant role is less evident in the delayed detuning profiles than in the advanced detuning profiles. Examination of the ion time-of-flight spectra recorded at laser intensities and detunings for which the total ion yield is in the range 5 ϫ10 Ϫ9 to 10 Ϫ8 V s shows that there is a slight increase of the width of the profiles. This suggests that there is a more gradual transition into the regime of collective effects in the case of the delayed extraction field. When the total ion yield is above 10 Ϫ8 V s, the widths of the ion time-of-flight profiles increase significantly.
At laser intensities of 150 MW/cm 2 and higher, the ion detuning profiles show a significant asymmetry. Again a dip develops on the left-hand side of the detuning profiles near Ϫ9 GHz, when the ion yield has reached the value of about 1.0ϫ10 Ϫ8 V s. In the advanced detuning profiles the dip shifts slightly further from the maximum of the ion yield as the laser intensity is increased, whereas in the delayed detuning profiles the dip stays at the same position.
The relationship between the density of ions n in the interaction region and the total charge Q measured by the detector is given by nϭQ/(eGV), where e is the elementary charge, Ϸ0.3 is the efficiency of the detector for detecting an ion, GϷ4.5ϫ10 5 is the gain of the detector, and VϷ3 ϫ10 Ϫ5 cm 3 is the interaction volume in which the charges are produced. The total charge Q is obtained by integrating the ion time-of-flight profile recorded by the oscilloscope and dividing by the input impedance of the oscilloscope. Using these values, we obtain a critical charge density n Ϸ3.0ϫ10 8 cm Ϫ3 for the delayed field case. This value compares well with the critical charge density reported for sodium MPI transient plasmas ͓6͔. It is less reliable to make a similar estimate for the advanced field case, because it is difficult to estimate the volume of the transient plasma at the end of the laser pulse in the case of an advanced extraction field. However, the fact that the critical ion yields in Figs. 4 and 5 are the same suggests that the critical charge density must be of the same order of magnitude in the advanced extraction field case.
The Lyman-␣ emissions in Fig. 6 are an indicator of the presence of large electric fields in the interaction region, which in the delayed field case cannot be due to the extraction field. There is no indication of any asymmetry in the detuning profiles. As the laser is tuned towards the resonance the Lyman-␣ temporal signal ͑and therefore the total yield of Lyman-␣ photons͒ increases dramatically. The emission coincides with the region where the ion time-of-flight profiles display maximum expansion. This is definitive evidence that large collective fields are generated in the laser plasma. It demonstrates the effectiveness of the collective field in Stark mixing the 2S 1/2 level with the 2 P 1/2 and 2 P 3/2 levels.
C. Total ion and photon yields as a function of laser intensity
In order to elucidate the origin of the structure observed on the left-hand side of the detuning profiles displayed in Figs. 4 and 5, the ion yield as a function of laser intensity was determined at various detunings from the maximum of the 1S 1/2 -2S 1/2 resonance. These measurements recorded the ion time-of-flight profile as a function of laser intensity for fixed values of the laser detuning. From these measurements, total yields were obtained by integrating over the temporal profiles. The total ion yields are shown in Fig. 7 for the advanced extraction field and in Fig. 8 for the delayed extraction field.
The plots for the advanced extraction field in Fig. 7 reveal some interesting features. The same general behavior is evident in all five plots. At lower laser intensities the ion yields increase to the third power of the laser intensity. When the ion yield reaches the critical value of 1.0ϫ10
Ϫ8 V s the be- havior changes dramatically in all five cases. Thus the importance of the critical charge density is once again emphasized. The detunings of ϩ9.2 GHz and Ϫ9.2 GHz are of particular interest. As can be seen from Fig. 4 , the position at Ϫ9.2 GHz corresponds to the point where the total ion yield drops to a local minimum. The position ϩ9.2 GHz is simply chosen because it is the same detuning on the opposite side of the resonance. It can be seen in Fig. 7 that the ion yield for both detunings increases at an identical rate up to the critical value. Above this value the two curves diverge appreciably. The ϩ9.2 GHz curve continues to rise, albeit at a reduced rate. The Ϫ9.2 GHz curve, however, turns over completely and the ion yield actually drops before making a slight recovery towards nearly complete saturation. Similar behavior is noted in the ϩ13.2 and Ϫ13.2 GHz curves. These curves again highlight the asymmetry observed in the detuning profiles in Figs. 4 and 5.
The plots for the delayed extraction field in Fig. 8 show similar features as the plots for the advanced extraction field. At lower laser intensities the ion yields increase to the third power of the laser intensity, and above the critical value of 1.0ϫ10 Ϫ8 V s the ion yields begin to saturate. As already noted in Sec. III B the critical yield is less well defined in the delayed field case. The development of the asymmetry at high laser intensities is again observed: above 100 MW/cm 2 the ϩ9.2 GHz curve continues to rise at a reduced rate, whereas the Ϫ9.2 GHz curve shows nearly complete saturation.
A set of ion time-of-flight profiles for increasing laser intensities is shown in Fig. 9 . The measurements are recorded using an advanced extraction field at detunings of Ϫ9.2 and ϩ9.2 GHz. At the lowest intensity ͑21 MW/cm 2 ͒ the time-of-flight profiles are very alike. However, as the intensity is increased, the time-of-flight profiles at negative detunings show both quantitative and qualitative differences. In particular the second peak becomes larger and the temporal width becomes less than the profiles of equivalent intensity on the positive detuning side. At Ϫ9.2 GHz detuning far fewer ions reach the detector: the second peak contains more ions, but fewer ions are found in the central region and in the first peak. At 223 MW/cm 2 in Fig. 9͑f͒ the total ion yield integrated over time at Ϫ9.2 GHz is 50% less than at ϩ9.2 GHz. This reduction of the total ion yield at Ϫ9.2 GHz also manifests itself in the dip in the detuning profiles of Fig. 4 .
IV. DISCUSSION
By examination of the experimental data it has been possible to identify the onset of collective effects. The magnitude of the collective effects is directly related to the ion and electron charge densities. The ion time-of-flight profiles and the Lyman-␣ photon temporal profiles provide direct evidence of the presence of collective interactions. In particular the growth in the temporal width of the ion time-of-flight profiles as a function of laser intensity and detuning illustrate the collective interactions. By controlling the experimental parameters ͑laser intensity and detuning͒ it is possible to control the magnitude of the collective electric field in the interaction region and its effectiveness in Stark mixing the 2S 1/2 level with the 2 P 1/2 and 2 P 3/2 levels.
Of particular interest is the peak-dip structure which de- , profiles measured at a detuning of ϩ9.2 GHz;
, profiles measured at a detuning of Ϫ9.2 GHz.
velops on the left-hand side of the detuning profiles for both cases of the ion extraction field ͑Figs. 4 and 5͒. The secondary peak cannot simply be attributed to the 2 P 1/2 state. This state has lower energy than the 2S 1/2 state and hence would be found to the left of the zero of the detuning scale. However, the energy separation of these states is 1.0 GHz in an electric field free environment and about 6 GHz for an electric field strength of 2000 V/cm. Considering the laser bandwidth of 10 GHz at 243 nm and the step size of 1.32 GHz, it is unlikely that the laser could resolve the 1S 1/2 -2S 1/2 structure. There is no sign of this structure in the Lyman-␣ yields in Fig. 6 . If the left-hand structure were an atomic feature due to the collective field enabling effective population of the 2 P 1/2 level then some sign of this could be expected in the Lyman-␣ signal. Thus it seems unlikely that the structure on the left-hand side is attributable to the 2 P 1/2 state.
Careful comparison of the shape of the ion time-of-flight profiles in Fig. 9 indicates that there are both qualitative and quantitative differences between the two sets of profiles. A large number of ions are missing from the first peak and central region of the time-of-flight profile in the vicinity of the dip. The measurements in Figs. 7 and 8 dramatically illustrate the difference in behavior between the total ion yield at detuning positions in the vicinity of the dip and positions of equal detuning on the opposite side of the resonance. In the dip the yield of ions saturates and even decrease as the laser intensity is increased.
There are two possible reasons for these ''missing'' ions. The first possibility is that the Coulomb expansion of the ion cloud and the associated loss of detected ions are somehow enhanced at detunings around Ϫ9 GHz. However, if this were true, then one would expect to see a greater temporal width for the ion time-of-flight profiles at negative detunings ͑Fig. 9͒, whereas the opposite is actually observed. Because the magnitude of the Coulomb expansion of the ion cloud is directly related to the charge density, one would also expect that collection losses would be greater at the resonance than in the wings of the detuning profile.
The second possibility is that rather than being lost the ions are not produced in the first place. The structure may be due to the collective field ''detuning'' the atoms from the laser. As the laser intensity and hence charge density increases, the collective field shifts the 2S 1/2 level with respect to the fixed position of the laser frequency. The 2S 1/2 level shifts towards higher energies as a function of electric field strength. Therefore, if the laser is tuned to a fixed position to the left of the zero position of the 1S 1/2 -2S 1/2 resonance, the shift associated with an increasing collective field could essentially ''detune'' the atom from the laser, thus leading to a decrease in the ion yield. On the opposite side of the resonance the collective field induced shift could enhance the ion yield by reducing the detuning between the 2S 1/2 level and the laser.
The change in shape of the time-of-flight profiles at Ϫ9.2 GHz in Fig. 9 provides unambiguous evidence for the coupling of the atomic photoionization process to the formation and time-evolution of the transient plasma. If there were no such coupling and the transient plasma would primarily be determined by the total number of ions produced during the laser pulse, one would expect to be able to find a detuning elsewhere near the resonance where the number of ions generated would be equal, and where the time-of-flight profile would be identical in shape. No such detuning can be found. The asymmetry in the ion detuning profiles is definitely a plasma structure related to the Stark mixing of the 2S 1/2 , 2 P 1/2 , and 2 P 3/2 levels. Due to the complicated convolution of atomic and plasma processes present, this asymmetry is difficult to understand in terms of a simple qualitative model.
In addition to Stark mixing, the collective field induces two effects that can seriously affect the evolution of charged yields, i.e., the Coulomb expansion and the electron trapping. In this section we outline the main features of these phenomena, and by using simple arguments we estimate the order of magnitude of the charge density at which a relevant departure from the behavior of uncoupled charges may occur. First, we analyze the expansion of a spherical and uniformly charged cloud of initial radius d. To account for the finite production time, especially in our case since ionization is induced by a 13 ns laser pulse, we assume a simple threephoton process, the rate of which is given by
where N 0 is the gas density and ␣ the probability of ionization. The laser intensity is given by I L (t)ϭI 0 g(t), where I 0 is the laser peak intensity and g(t) is the temporal shape. Equation ͑1͒ can be integrated to give
The internal field, in spherical symmetry, of a uniformly charged cloud is
where r is the distance from the center of the sphere. As a consequence, an ion placed on the surface of the sphere undergoes an acceleration given by
where pi 2 ϭe 2 N i / 0 M is the ion plasma frequency. The initial conditions are r(0)ϭd and dr/dt͉ tϭ0 ϭ0. Figure 10 shows an example of the influence of Coulomb expansion on the final charge density at the end of the laser pulse. We assume a gas density of 2ϫ10 12 atoms/cm 3 , i.e., the maximum density encountered in our experiment. For convenience, the peak laser intensity is referred to the saturation intensity I s , i.e., the intensity at which the argument of the exponential in Eq. ͑2͒ after integration over the laser time shape is equal to 1. This is high enough to achieve total ionization at the end of a laser pulse of 13 ns. Dashed and solid lines represent the charge density N i (t) solution of Eq. ͑1͒ for I 0 ϭI s and I 0 ϭ10I s , respectively. Dash-dot-dot and dash-dot lines correspond to the charge density in the presence of Coulomb expansion, i.e., N i (t)(d/r) 3 , for I 0 ϭI s and I 0 ϭ10I s , respectively.
The curves in Fig. 10 show that the effective density at the end of the laser pulse is several orders of magnitude less than the value due to the multiphoton process. In this example, the radius of the initial charged cloud increases by about a factor of 10. It explains the increasing widths of the recorded ion time-of-flight profiles as the laser intensity, i.e., the charge density, increases. The above simple model is useful to investigate some of the features of the phenomenon under study.
Equations ͑2͒ and ͑3͒ emphasize the nonlinear character of the plasma evolution. It is evident that the geometry of the charged cloud is relevant since it affects the intensity and shape of the collective field. Recall that Eq. ͑3͒ is valid only under the assumption of a spherical, uniformly charged cloud. In a cylindrical geometry, neglecting the axial contribution, the numerical factor 1/3 must be replaced by 1/2 and hence it leads to an enhancement of the spread. The geometry of our experiment is more complicated due to the presence of the extraction field. When the field is applied at the end of laser pulse, the source of ionization, i.e., the threephoton process, has a radial symmetry because of the laser spatial intensity distribution around the laser beam axis. When the extraction field is on during the laser pulse, it breaks the symmetry since it is directed perpendicularly to the laser beam axis. The behavior of measured quantities when the extraction field is applied before or after the laser pulse is rather similar apart from differences that can be ascribed to a different rate of ionization ͑at the same laser detuning͒. This leads one to infer that the break of symmetry has a weak effect on the charge propagation. This problem, however, can only be solved by a much more detailed and sophisticated numerical modeling.
An approximate criterion for the critical charge density, at which the ion expansion is dominated by the Coulomb expansion, can be carried out by comparing the time of Coulomb expansion, i.e., 1/ pi , with the time of thermal expansion thi ϭdͱM /(2kT i ), according to Ref. ͓1͔. In practical units, it leads to N i у(1.5ϫ10 6 )T i (eV)/d 2 ions/cm 3 . In our experiment, ions at room temperature are produced in a spot of radius dϭ100 m, which leads to N i у4 ϫ10 8 ions/cm 3 , in excellent agreement with the experimentally measured critical density of 3ϫ10 8 ions/cm 3 ͑Sec. III B͒.
Following this simple approach, we estimate the order of magnitude of the charge density threshold at which electron trapping starts to play a role. Consider first the case of a delayed extraction field where in principle one can suppose a more relevant role of this phenomenon. At the beginning of the laser pulse, electrons expand with the thermal velocity e ϭͱ2kT e /m, where kT e is given by the energy conservation in the three-photon process, i.e., kT e ϭ1.7 eV. Trapping would occur if the maximum value of the Debye length calculated at the center of charge profile ͑assuming n e ϭN i ), is less than the width of the interaction region. In our case, this leads to N i Ͼ10 10 ions/cm 3 . However, as demonstrated in Ref. ͓24͔, this parameter does not give a realistic picture of charged clouds produced by multiphoton ionization. In fact, in the presence of strong density gradients, as in our case where the laser beam waist has a spot radius of 100 m, and a relatively long production time, i.e., on the nanosecond scale, the electrons rapidly leave the interaction region and hence their profile spreads out. For instance, an electron with an initial energy of 1.7 eV, as in our experiment, travels by about 1 cm during the laser pulse. In addition, when the charge density is high enough, electrons spread out because of the Coulomb repulsion whose time scale is now given by the electronic plasma frequency pe ϭ(M /m) 1/2 pi . Practically, it is equivalent to rescale the time scale of Fig. 10 by multiplying by (m/M ) 1/2 Ϸ1.6ϫ10 Ϫ2 . As a consequence, the ion field is unscreened by the surrounding electrons, which are distributed over a very large area, and the ion Coulomb repulsion takes place unperturbed as described in the above model. When the extraction field is applied, the field generated by the ions would compete to prevent electrons from collection by the repeller ͑the metal plate surrounding the tip of the discharge source, see ͓3͔͒. By using the definition of the ion field given above, one can find that this would occur for a density N i у3 0 E 0 /edϷ10 11 ions/cm 3 . The data in Fig. 10 show that at the end of the laser pulse the ion density, although close to much higher values at the first instants of laser pulse, is strongly reduced by the unscreened ion inner repulsion to a value several orders of magnitude less. Hence the electrons are rapidly collected by the extraction field. One can see from Fig. 10 that in the case of an advanced extraction field, also for 10I s , the ion density drops below the trapping value of 10 11 ions/cm 3 in a few nanoseconds. Therefore, one can assert that in our experimental conditions the electron trapping plays a negligible role, although it was observed by Giammanco ͓4͔ by using a weak extraction field ͑about 30 V/cm͒. 
